This study investigated the role of infection on the prognosis of endodontic therapy by following-up teeth that had had their canals cleaned and obturated during a single appointment. The root canals of 55 singlerooted teeth with apical periodontitis were thoroughly instrumented and irrigated with sodium hypochlorite solution. Using advanced anaerobic bacteriological techniques, post-instrumentation samples were taken and the teeth were then root-filled during the same appointment. All teeth were initially infected; after instrumentation low numbers of bacteria were detected in 22 of 55 root canals. Periapical healing was followedup for 5 years. Complete periapical healing occurred in 94% of cases that yielded a negative culture. Where the samples were positive prior to root filling, the success rate of treatment was just 68% -a statistically significant difference. Further investigation of three failures revealed the presence of Actinomyces species in each case; no other specific bacteria were implicated in failure cases. These findings emphasize the importance of completely eliminating bacteria from the root canal system before obturation. This objective cannot be reliably achieved in a one-visit treatment because it is not possible to eradicate all infection from the root canal without the support of an inter-appointment antimicrobial dressing.
Introduction
Because bacteria are critical for the development of apical periodontitis (Kakehashi et al. 1965 , Sundqvist 1976 , Möller et al. 1981 ) modern endodontic treatment is directed at the elimination of microorganisms from the infected root canal before obturation. Follow-up studies that have examined the outcome of endodontic therapy have revealed a very high success rate when a negative bacterial culture was a prerequisite before root filling (Sjögren et al. 1990) . In some circumstances bacteria can survive root canal preparation, and the longterm outcome of endodontic therapy is uncertain if bacteria are present in the root canal at the time of obturation.
Previous studies have shown that instrumentation and antibacterial irrigation with sodium hypochlorite solution will render about 50% of canals bacteria-free; the remaining canals contain small numbers of recoverable bacteria . When the biomechanical preparation is combined with an antimicrobial dressing applied to the clean canal for a suitable length of time before root filling, bacteria can be reliably eliminated from the canal , Sjögren et al. 1991 . However, in some cases, such as when treatment is completed in one visit, no interappointment antimicrobial dressing is used and bacteria may be present in the canal at the time of root filling.
Only a few studies have evaluated the effect of infection at the time of root filling on the prognosis of treatment. These studies have shown that the success rate of endodontic treatment is approximately 10-15% lower for teeth which yield a positive culture before obturation than for teeth which yield a negative culture (Zeldow & Ingle 1963 , Engström et al. 1964 , Oliet & Sorin 1969 . However, these studies were limited by the use of bacteriological methods that could not recover many of the bacteria normally present in the root canal. Apart from ensuring thorough aseptic control during endodontic procedures and bacteriological sampling (Möller 1966) , the use of methods that recover all microorganisms is critical. When advanced methods for cultivating anaerobic bacteria have been used to study the root canal flora, obligate anaerobic bacteria have been shown to form a high proportion of the total flora in infected root canals (Kantz & Henry 1974 , Wittgow & Sabiston 1975 , Sundqvist 1976 . Most of the bacteria isolated from infected root canals are oxygen sensitive and cannot be cultivated using conventional bacteriological methods Carlsson et al. 1977) . In previous studies that have evaluated the influence of infection on the outcome of the treatment, bacteriological techniques were used that were unfavourable for the recovery of anaerobic bacteria (Zeldow & Ingle 1963 , Engström et al. 1964 , Oliet & Sorin 1969 , Heling & Shapira 1978 . Therefore, the presence of bacteria which might have been important for the outcome of treatment might have been missed and cases that seemingly contained no bacteria could in fact have harboured persisting microorganisms.
Another important factor in determining the outcome of endodontic therapy is the use of a long enough observation period after the treatment has been completed. The recovery of the periapical tissues to a healthy condition is a dynamic process and it is possible that a premature evaluation of periapical healing might include teeth in which the repair process has not yet stabilized. Many follow-up studies are limited by an observation period that is too short to reveal the true outcome of treatment. Because most lesions resolve within 4-5 years after therapy, it is considered desirable to have a follow-up period of at least 4 years (Strindberg 1956 , Byström et al. 1987 , Sjögren 1996 .
Our study investigated the outcome of teeth treated by endodontic therapy, some of which contained cultivable bacteria at the time of root filling. Teeth with infected root canals and apical periodontitis were treated by instrumentation and antibacterial irrigation and were root-filled during the same appointment. Advanced anaerobic culturing techniques were used to check the canals for the presence of microorganisms initially and then just prior to obturation. The treated teeth were followed-up for 5 years. In some cases where treatment failed, a combination of microbiological techniques and microscopy was used to determine the possible reasons for failure.
Material and methods

Clinical material
Fifty-five single-rooted teeth were treated, all of which had intact pulp chamber walls, necrotic pulps and radiographic evidence of periapical bone lesions. Radiographic examination was carried out using the paralleling technique with Kodak Ultraspeed film (22 ϫ 35 mm) in a film holder (Eggen 1974) . The size of each lesion was calculated by taking the average of the lesions' largest dimension and the extent in the direction perpendicular to the largest dimension.
Endodontic treatment
Rubber dam and an aseptic technique were used throughout the endodontic treatment. After gaining access to the root canal the working length was determined, taking care not to penetrate the apical foramen. An initial bacteriological sample was taken from the root canal. Narrow root canals were initially enlarged by hand filing until a size 20 file could be introduced to the working length. The coronal part of the root canal was flared with files energized by ultrasonics (Electro Medical Systems SA, Switzerland) as described previously (Sjögren & Sundqvist 1987) using 0.5% sodium hypochlorite as an irrigant. Hand files were used to shape the apical portion of the canal to a size 40 Hedström or larger at the working length. After mechanical instrumentation and irrigation of the canal, any residual sodium hypochlorite was inactivated by rinsing the canal with a 5% sodium thiosulphate solution (Möller 1966) . A post-instrumentation sample was taken from the canal, after which the canal was filled with gutta-percha using the lateral condensation technique. The master cone was adapted to the canal by dipping it in rosin chloroform, and then multiple accessory cones were laterally condensed after having been softened in chloroform. When a post space was required, the root filling was removed to the desired length and a 1-2-mm-thick zinc-oxide-eugenol plug was applied over the root filling. Subsequent restorative treatment of the tooth was performed without rubber dam isolation and a nonaseptic technique.
Bacteriological sampling
Bacteriological samples were obtained from root canals in a procedure similar to that described previously (Byström & Sundqvist 1981 , 1983 . Briefly, sterile saline solution was introduced into the root canal by syringe and the fluid in the canal was absorbed with charcoaled paper points and transferred to a sampling tube. The initial sample, taken before canal preparation, was placed in a liquid thioglycolate medium (11260; Baltimore Biological Laboratories, Cockeysville, MD USA) supplemented with agar to prevent oxygen diffusion (Carlsson & Sundqvist 1980) . This medium is highly effective in reducing oxygen, so that toxic intermediates of oxygen do not accumulate even if the medium is exposed to air for a short time (Carlsson et al. 1978) .
Three post-instrumentation samples were taken from each canal. Two samples were transferred to peptone yeast extract glucose (PYG) broth (Holdeman et al. 1977) , using precautions to avoid oxygen contamination (Fulghum 1971) , and a third sample was transferred to the agar-supplemented thioglycolate medium. In one case a sample was taken from the periapical region at the time of operation. After raising a flap, the purulent contents of the lesion were aspirated with a syringe. The syringe was transferred to the laboratory where it was introduced into an anaerobic box, and the contents were treated in the same manner as the root canal samples.
Microbiological examination of the samples
All samples were introduced into an anaerobic box with an atmosphere of 10% hydrogen and 5% carbon dioxide in nitrogen. One PYG broth tube was agitated in a mechanical mixer until the paper points disintegrated, and 10-fold serial dilutions were made in buffered salt solution (Holdeman et al. 1977) . Aliquots from the PYG broth and from each of the dilutions were inoculated on to blood agar plates (Holdeman et al. 1977) . The plates were incubated for at least 10 days in the box at 37°C and were observed daily for growth. If no growth had occurred after 1 week, new blood agar plates were inoculated from the second PYG broth tube. A root canal sample was considered free of living bacteria when no growth was observed on the plates inoculated from both PYG broth tubes and the agar-supplemented thioglycolate medium.
When growth occurred, different colony morphotypes on the blood agar plates were isolated. The bacterial isolates were identified according to standard methods (Cowan 1974 , Holdeman et al. 1977 , Krieg & Holt 1984 , Sneat et al. 1986 , Hill et al. 1987 . The identity of some strains was confirmed by comparing the mobility of their soluble proteins in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (Laemmli 1970) with that of reference strains. The initial canal samples were not subcultivated, because these samples were taken only to confirm that the canals had been infected before treatment. All bacteria in post-instrumentation samples were identified to the species level, except for two cases where species level identification was not done because of technical errors.
Follow-up examination
Patients were recalled yearly for clinical and radiographic examination of the root-filled teeth. At the recall appointment, the type of restoration and any clinical signs or symptoms associated with the teeth were recorded. Radiographs were taken with the same X-ray unit using the long-cone technique and standardized exposure and processing to obtain optimal diagnostic quality of the radiographs. Strindberg's (1956) criteria were used to judge the success rate of treatment. Briefly, treatment was considered successful when (i) the contours, width and structure of the periodontal margin were normal, or when (ii) the periodontal contours were widened mainly around an excess of filling material. All cases in which those criteria were not fulfilled were judged as unsuccessful. The cases were followed-up for 5 years if complete healing had not taken place earlier.
Radiographs were analysed separately by two independent observers using a light-box with variable illumination and a magnification viewer. The observers were calibrated as described by Halse & Molven (1986) . In cases of disagreement, the two observers discussed the case in an effort to come to a consensus. If the observers still disagreed on a particular case, the opinion of a third specialist was taken as final. Statistical analysis of treatment outcomes was performed using a chi-squared test with Yates' correction. Logistic regression analysis was also used to determine the influence of the apical level of the root filling and the bacteriological status on treatment outcomes.
Histology and immunohistochemistry
Biopsy specimens from three cases that showed no signs of periapical healing were analysed by histology. Two of these specimens, from teeth that were infected at the time of root filling (Table 2: EK11, EK12) were subjected to immunohistochemical analysis using methods described previously (Sjögren et al. 1988) . Briefly, biopsy tissue was fixed in 4% buffered formalin, embedded in paraffin, cut into 5-µm-thick sections and stained with haematoxylin and eosin. Because bacteria of the species Actinomyces israelii had been isolated from the root canals at the time of root filling, the presence of the same bacteria was studied in the surgical tissue with antiserum to A. israelii using the avidin-biotin-peroxidase method (Vectastain TM ABC Kit; Vector Laboratories Inc., Burlingame, CA, USA). The antiserum was obtained from Centre for Disease Control (Atlanta, GA, USA). Controls were made as described earlier (Sjögren et al. 1988) .
The third specimen was obtained from a case where no bacteria could be detected at the time of root filling (Fig. 3) . This biopsy was from a lower second premolar in a 43-year-old male. The tooth had been nonvital and carious with an extensive radiolucency at the periapex before treatment. After endodontic therapy there was initially a slight reduction in size, but the lesion did not show any further radiographic signs of improvement after 3 years so the tooth was committed for apical surgery. The tooth had remained symptomless over the entire follow-up period. During surgery the lesion was unintentionally separated from the root tip and a puslike material oozed from the inflamed mass of soft tissue. Some pus was aspirated into a sterile syringe for microbiological analysis. Thereafter, the root tip and lesion were fixed by immersion in half-strength Karnovsky's fixative and processed for electron microscopy.
Results
Bacteria were initially present in the root canals of all 55 treated teeth. At the completion of instrumentation, 22 root canals (40%) still contained recoverable bacteria and these were identified to species level in 20 of 22 root canals (Table 1 ). The number of species in root canals with persistent infection ranged from one to six, and 93% of these strains were anaerobic. In most cases there was a low number of bacterial cells in the sample, so that in eight cases bacteria were detected only after enrichment growth in the sampling media and in nine other cases the number of bacterial cells was 10 2 -10 3 . Only three samples had more than 10 4 bacterial cells (SN and EK12, Table 2 ; MW, Table 3 ).
Fifty-three teeth (96%) could be followed-up. Fortyfour of the lesions healed completely and nine cases, all of which were symptomless, were judged to be failures. Seven of the failures were found amongst the 22 cases from which bacteria had been isolated at the time of root filling. Thus the success rate for teeth with positive samples at the time of root filling was 68%. The bacteria isolated from the root canals of the teeth where treatment failed are presented in Table 2 , and one of the cases is shown in Fig. 1 . Histological analysis of failure cases EK11 and EK12 (Table 2) revealed that filamentous microorganisms, which stained positively with the antiserum to A. israelii, were present in the periapical tissue. Bacteria, which had been isolated from the root canals of teeth which healed, in spite of yielding positive samples, are presented in Table 3 . One of these cases is shown in Fig. 2 .
Twenty-nine of 31 teeth with negative samples at the time of root filling healed; a success rate of 94%. One of the two failure cases from this group is shown in Fig. 3 . This case had shown no signs of periapical healing after a period of 3 years and was therefore scheduled for surgery. A bacteriological sample taken from the periapical region at operation showed growth of Actinomyces odontolyticus, Streptococcus constellatus, Propionibacterium acnes and a Campylobacter species. Direct microscopy of the sample revealed bacterial aggregates with intermeshed filaments. Histological analysis of the root tip revealed that the root canal was filled with gutta-percha and that one of the lateral canals at the root tip was clogged with bacteria. Assessment of the apical level of the root filling revealed that the majority of teeth were obturated within 2 mm of the apex. In 10 teeth there was a slight overfilling, but in each of these cases the extension of excess material into the periapical tissue was less than 1 mm. Five of the overfilled teeth had positive and five had negative samples at the time of obturation. The slight overfilling appeared to have no influence on the outcome, because all 10 teeth root-filled with excesses were successful. Of the remaining 43 cases, there was no statistical difference in outcome between the teeth rootfilled 'flush' or within 2 mm from the apex. Statistical analysis revealed that the absence of bacteria at the time of root filling increased the probability of a successful outcome (P = 0.041).
The size of the initial lesion in relation to cases that healed or failed is shown in Table 4 . The preoperative size of the periapical lesion apparently had no influence on the outcome of treatment.
Discussion
Although the presence of bacteria is known to be essential for the development of apical periodontitis, the influence of persisting infection at the time of root filling on the outcome of endodontic treatment has not been thoroughly evaluated in well-controlled studies. It is generally accepted that the success of endodontic treatment relies on thorough elimination of bacteria from the root canal system before root filling, largely because of the role bacteria play in the pathogenesis of apical periodontitis. The present study combines the use of advanced anaerobic bacteriological techniques on optimally treated cases with a long follow-up period and a high recall rate to evaluate the role of persistent microorganisms on the 
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Healed lesions
No healing outcome of treatment. Importantly, this work has revealed that the bacteriological status of the root canal at the time of root filling is a critical factor in determining the outcome of endodontic treatment. The success rate of teeth filled with a negative culture before obturation of the root canal was 94%, which was statistically significantly higher than the success rate of 68% for teeth with a positive culture at the time of root filling (P = 0.023). This concords with the findings of Heling & Shapira (1978) , who noticed that infection at the time of root filling had a negative influence on treatment outcome. Their data also showed that an observation period of 4-5 years is required for the full impact of the persisting bacteria on the prognosis to be revealed.
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In our study, the interpretation of recall radiographs was unequivocal because the long follow-up period afforded a clear interpretation of whether or not there was complete periapical healing. It was apparent that the preoperative size of the periapical lesion had no influence on the outcome of treatment, confirming previous reports that have had an extended follow-up period (Strindberg 1956 , Sjögren et al. 1990 ). We found a greater impact of infection on prognosis than that described previously, probably because of the combination of an extended observation period and the use of advanced bacteriological techniques, which favour the recovery of bacteria that might have been missed with culturing techniques used in earlier studies (Zeldow & Ingle 1963 , Engström et al. 1964 , Bender et al. 1964 , Oliet & Sorin 1969 .
Many of the factors previously identified as being responsible for an impaired healing rate (Sjögren et al. 1990) were surmounted in the cases described in our study. One of these factors was the apical level of the root filling. In an earlier study (Sjögren et al. 1990) , teeth with apical periodontitis that were underfilled by more than 2 mm from the apex had a significantly lower success rate than teeth filled within 0-2 mm of the apex. However, in our study none of the treated teeth could be classified as underfilled because 43 of 53 recalled teeth were obturated within 2 mm of the apex. Overfilling has also been identified as a factor associated with a lower success rate (Sjögren et al. 1990) ; however, in the Table 2 ). A sample taken from the root canal at the time of obturation (a) yielded a positive culture containing the species F. nucleatum and P. oralis. At subsequent reviews over 12, 41, and 54 months, no healing of the periapical lesion was observed on check radiographs (b, c, d). present study all 10 teeth classified as overfilled healed completely. The most likely reason for the success of these cases, despite overfilling, is the minor volume of excess root filling material extruded into the periapical tissue, which in all cases was very slight. The risk of a foreign body reaction of any significance was therefore low. Furthermore, any correlative factors that may accompany or lead to overfilling, such as apical overinstrumentation or extrusion of canal debris into the periapical tissues, were minimized, because canals were instrumented to their full length and were treated to a high standard by an experienced specialist. The level of root filling seen in Fig. 2 is representative of the slight overfilling observed in many of these cases. It is possible that the number of teeth in the overfilled group was too small for any influence to be detected; however, even if the overfilled teeth had a negative impact and were therefore excluded from statistical calculations of success, analysis of the remaining 43 cases disclosed that the absence of bacteria at the time of root filling increased the likelihood of a successful outcome (P = 0.041).
Of other factors associated with failure (Sjögren et al. 1990) , few were applicable to the cases reported here. Canal obliteration and root resorption were two factors demonstrated to have an influence on prognosis for teeth with apical periodontitis (Sjögren et al. 1990 ); however, the infected and noninfected cases in our study were comparable in this respect. Another factor previously correlated with failure is the way the tooth is restored (Sjögren et al. 1990 ). In our study, teeth that required a post retained restoration were additionally sealed before restoration with a zinc-oxide-eugenol plug coronal to the root filling to avoid potential bacterial leakage. Thus, all possible factors that may have affected the prognosis were well controlled, apart from the critical variable under investigation in this study -infection at the time of root filling.
Given that the cases in the present study were carefully controlled and were distinguished essentially by the presence or absence of infection at the time of root filling, it seems reasonable to deduce that the presence of infection was the reason for the difference in success rates between the treated teeth. However, recent studies have highlighted the possibility that other factors apart from intraradicular infection, such as extraradicular infection, foreign body reactions and true cysts can contribute to failure (Sjögren et al. 1988 , Nair et al. 1990b , Nair et al. 1993 . For this reason, where clinically feasible, teeth that failed to heal were treated by surgery and the material recovered was subjected to microbiological and histological analysis. Material was available in three cases: two from the group of seven failures with infection and one of the two failures without infection at the time of root filling. Of the cases from the group with infection at the time of root filling, two teeth that had harboured A. israelii in their root canals at root filling were shown by histology to have developed periapical actinomycosis. It is well known that bacteria of this species have the ability to establish extraradicular infections in the periapical tissue and thereby prevent healing after conventional endodontic treatment (Sundqvist & Reuterwing 1980 , Happonen 1986 , O'Grady & Reade 1988 A. israelii, there was no evidence suggesting that other bacteria were specifically implicated in failure cases. Although nonmicrobial reasons might have been suspected for failure in teeth with no recoverable bacteria at the time of obturation, when surgery was performed on one of these cases a periapical abscess was present (Fig. 3) . The bacterium A. odontolyticus dominated the bacterial flora of the abscess. There is a risk that the sample might have been contaminated because it was obtained after the flap had been raised (Möller 1966) . But the fact that an abscess was detected at operation, that Actinomyces-like colonies were observed by direct microscopy of the sample, and that electron microscopy revealed bacteria filling an apical lateral canal, strongly point to the probability that the reason for the lack of healing in this case was a persisting infection. In a previous study, microorganisms were shown to prevent postoperative healing when they were hidden in apical branches of the root canal or in voids adjacent to the root filling (Nair et al. 1990a) . The bacteria responsible for the failure of this case were also located in an apical lateral canal. The presence of bacteria in this location might explain the apparent failure of the sampling procedure to detect these bacteria. An explanation for the second failure case could not be determined because the patient did not want to have the tooth operated on or conventionally retreated.
Fifteen of 22 teeth that contained bacteria at the time of root filling eventually healed. This raises the question about the fate of the bacteria in these root canals. Many bacteria are destined to die, either from exposure to or by being entombed within the obturation material. If the bacteria perish in one of these ways, a favourable outcome can be expected for the case. Rosin, which is present in rosin-chloroform, has an antibacterial effect (Johansson et al. 1995) , and the bacteria might not have survived the application of rosin-chloroform. Furthermore zinc and zinc compounds present in gutta-percha also possess antibacterial activity (Moorer & Genet 1982) , an effect which is increased by resin acids and oleoresins (Johansson et al. 1995) . Another possibility is that the bacteria were entombed or could not access suitable nutritional substrate after canal obturation and then died. If the bacteria survived, it is also possible that they could not reach the periapical tissues to cause clinical infection because of difficult access, low pathogenicity or low numbers.
The number and diversity of bacterial cells remaining in the root canal is important because a low number and limited variety of bacteria, with which to maintain cooperative nutritional relationships, would be unfavourable for their survival. Previous studies have shown that the number of bacterial cells persisting after instrumentation and irrigation with sodium hypochlorite is usually low in teeth with chronic periapical access (Byström & Sundqvist 1983 . In the present study, the number of surviving bacteria was usually low. An estimation of the number of surviving bacteria could only be made when growth occurred on the solid media inoculated from serially diluted samples, but in cases where bacteria could be detected only after enrichment growth it must be assumed that the number of bacteria was very low. However, in all cases where viable bacteria remain in the root canal, there is always that they may maintain a periapical inflammation.
Although this study has clearly shown that a negative bacteriological sample at the time of root filling is important for success, it does not mean that routine culturing is required in normal clinical treatment. This is because earlier studies have shown that infection can be reliably eliminated from the root canal by using aseptic working techniques, antimicrobial irrigation during instrumentation and an antimicrobial dressing between visits (Byström & Sundqvist 1983 , Sjögren et al. 1991 . Sixty per cent of the instrumented canals in this study were bacteria-free by the end of the appointment, which corroborates earlier work on the effectiveness of instrumentation with sodium hypochlorite . There was no indication in our study, or in previous ones (Byström & Sundqvist 1981 , 1983 , Sjögren et al. 1991 , that specific bacteria were resistant to the biomechanical treatment. The most common species in postinstrumentation samples were Fusobacterium nucleatum, Peptostreptococcus micros and Eubacterium alactolyticum, but these species also belong to the most prevalent ones recovered from infected root canals (Sundqvist 1992 , Wasfy et al. 1992 , Sato et al. 1993 . Whilst instrumentation and antimicrobial irrigation will significantly reduce the microflora within the root canal, such procedures alone are insufficient to eradicate bacteria from the root canal. The most efficient way to accomplish thorough elimination of bacteria is to use an antibacterial dressing between visits, as demonstrated earlier , Sjögren et al. 1991 .
It has been argued that there is insufficient evidence to support the clinical application of special measures to eradicate all bacteria in the canal (Peters et al. 1995) . However, the present study has shown that the success rate of endodontic treatment is 26% higher if the root canal is free from bacteria, than if it is infected, at the time of root canal obturation. Not every tooth that contains bacteria at the time of root filling will result in failure; however, these findings show that in some cases bacteria will survive in sufficient numbers to cause clinically significant pathology. Because the presence or absence of infection cannot normally be determined at the time of canal obturation, it is important that canal preparation be directed towards the complete elimination of all bacteria from the root canal system so that the best possible prognosis can be assured in endodontic treatment. The results also affirm the findings of previous studies which have shown that the most probable reason for failure of endodontic treatment is the presence of a persisting infection (Nair et al. 1990a , Sjögren 1996 . Despite providing optimal endodontic therapy for teeth in this study it was not possible to eradicate reliably all infection from the root canal in one treatment visit, which suggests that filling of initially infected root canals should be delayed until after a suitable period of medication with an antimicrobial dressing.
